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Standard Model and the early Universe

ΩΛ,0 = (68.9 ± 0.60)% Ωc,0 = (26.0 ± 0.36)% Ωb,0 = (4.89 ± 0.07)%

Ωγ,0 = 2.47 × 10−5/h2 Ων,0 =
∑︁

mν/(93.12 eV)/h2 h = 0.677 ± 0.004

[Navas et al. 2024 (Particle Data Group)]
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✦ Absence of a stable dark matter candidate for Ωc,0

✦ No mechanism to explain the baryon asymmetry and Ωb,0

✦ No mechanism for neutrino mass generation
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Standard Model and the early Universe
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Ωb,0 and Ωc,0 cogenesis

✦ Renormalizable models [Bento, Berezhiani 2001; Falkowski, Ruderman, Volansky 2011; . . .]

or effective field theories [Baldes, Bell, Petraki, Volkas 2014; Ciscar-Monsalvatje, Ibarra, Vandecasteele 2024; . . .]

✦ Dark matter freeze-out [Davoudiasl, Morrissey, Sigurdson, Tulin 2010; Baldes, Bell, Petraki, Volkas 2014; . . .]

or freeze-in [Bento, Berezhiani 2001; Hall, March-Russell, West 2010; . . .]

✦ Asymmetry generation through decays [Bhattacharya, Roshan, Sil, Vatsyayan 2022; Goudelis, Papachristou, Spanos

2022; . . .] or scatterings [Bento, Berezhiani 2001; Goudelis, Karamitros, Papachristou, Spanos 2022; . . .]

What level of complexity in terms of particles and their interactions is necessary?
What can the minimal effective theory look like?
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Ωb,0 and Ωc,0 cogenesis

✦ Cold dark matter: a stable massive particle coupled to the Standard Model fields via a portal
operator

✦ Baryon asymmetry: B − L number violation

independent C and CP violation in particle reactions

departure from thermal equilibrium

[Sakharov 1967]
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CP asymmetries from interfering amplitudes

S = 1 + iT ∆|Tfi|2 = |Tfi|2 − |Tf̄ ī|2 = |Tfi|2 − |Tif |2 (1)

Tfi =
∑︂

diagrams

CfiKfi, Cfi = C∗
if , Kfi = Kif (2)

Tfi = Ctree
fi Ktree

fi + Cloop
fi Kloop

fi

Tif = Cif
treeKtree

if + Cif
loopKloop

if

=⇒ ∆|Tfi|2 = −4 Im[Ctree
fi C∗

fi
loop] Im[Ktree

fi K∗
fi

loop] (3)
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Holomorphic cutting rules and CP asymmetries

S†S = 1 S = 1 + iT iT† = iT − iTiT† (4)

|Tfi|2 = −iT†
if iTfi = −iTif iTfi +

∑︂
n

iTiniTnf iTfi −
∑︂
n,k

iTiniTnkiTkf iTfi + . . . (5)

[Coster, Stapp 1970; Bourjaily, Hannesdottir, et al. 2021]

∆|Tfi|2 = |Tfi|2 − |Tif |2 =
∑︂

n

(︂
iTiniTnf iTfi − iTif iTfniTni

)︂
(6)

−
∑︂
n,k

(︂
iTiniTnkiTkf iTfi − iTif iTfkiTkniTni

)︂
+ . . .

→
∑︂

f

∆|Tfi|2 = 0

[Blažek, Maták 2021]
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Holomorphic cutting rules and CP asymmetries
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Holomorphic cutting rules and CP asymmetries
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[Covi, Roulet, Vissani 1998; Botella, Nebot, Vives 2006]
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Neccesary conditions for CP violation

✦ Imaginary kinematics from loop integrals

✦ Irreducible complex phases in couplings

or

✦ Forward scattering diagrams with at least two simultaneous on-shell cuts

✦ Combinations of couplings represented by vacuum diagrams that are not invariant under
charged-particle arrow reversal
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The ingredients of a minimal model

✦ OB−L as a singlet with respect to the Standard Model gauge group, carrying a B − L charge
(e.g., ℓH, udd, . . .)

✦ OX containing hidden-sector fields, one of which corresponds to an out-of-equilibrium particle

✦ Even when adjusting phases of OB−L and OX , the couplings in the minimal set of vertices must
remain complex

Leff ⊃ OB−LOX , OB−LOc
X , O†2

B−L

B − L B − L

X
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The ingredients of a minimal model

✦ OB−L = ℓH,OX = Oc
X = N

– leptogenesis with no stable dark matter candidate

✦ OB−L = ℓH,OX = (χ̄cPRχ)χ̄
c

– either lepton asymmetry is too small or neutrino masses are too large

✦ OB−L = ℓH,OX = Oc
X = Sf

– Majorana fermion f of mass m, real scalar S of mass m′ ≪ m

Leff =
λ

Λ
Sf̄PLℓH +

λ′

Λ
Hℓ̄cPLℓH + h.c. (9)

[Blažek, Maták, Ramaj, Sabová 2025]
ℓ ℓ

H H
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CP asymmetries in the minimal model

∆|Tfi|2 =
∑︂

n

(︂
iTiniTnf iTfi − iTif iTfniTni

)︂
− . . .

ℓ ℓ

H H

f

S
(10)
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CP asymmetries in the minimal model

∆γeq
i→f =

∫︂ ∏︂
∀i

[dpi] exp{−Ei/T}
∫︂ ∏︂

∀f

[dpf ]
1
V4

∆|Tfi|2 (11)

f

S

ℓ̄

H̄

ℓ

H

ℓ

H

fℓ̄

H̄ S

ℓ

H

ℓ

H

ℓ

S

H H̄

ℓ̄f f

S

ℓ̄ ℓ

H̄ H

f f f

H̄

ℓ̄

H

ℓ

S

H

ℓ

S

fℓ̄

H̄H

ℓ

S

H

ℓ

S

10



CP asymmetries in the minimal model

∆γeq
ℓH→Sf +∆γeq

ℓH→ℓ̄H̄ = 0 (12)
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CP asymmetries in the minimal model

∆γeq
f→ℓHS +∆γeq

f→ℓ̄H̄S = 0 (13)

f

S

ℓ̄

H̄

ℓ

H

ℓ

H

fℓ̄

H̄ S

ℓ

H

ℓ

H

ℓ

S

H H̄

ℓ̄f f

S

ℓ̄ ℓ

H̄ H

f f f

H̄

ℓ̄

H

ℓ

S

H

ℓ

S

fℓ̄

H̄H

ℓ

S

H

ℓ

S

10



CP asymmetries in the minimal model

∆γeq
ℓHS→f +∆γeq

ℓHS→ℓ̄H̄S = 0 (14)
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Boltzmann equations

sHz
dYf

dz
=

(︃
1 − Yf

Yeq
f

YS

Yeq
S

)︃
γeq
ℓH→Sf −

(︃
Yf

Yeq
f

− YS

Yeq
S

)︃(︃
γeq

fH→Sℓ̄ + γeq
fℓ→SH̄

)︃
(15)

−
(︃

Yf

Yeq
f

− YS

Yeq
S

)︃(︃
γeq

f→ℓHS + γeq
f→ℓ̄H̄S

)︃

sHz
dYS

dz
=

(︃
1 − Yf

Yeq
f

YS

Yeq
S

)︃
γeq
ℓH→Sf +

(︃
Yf

Yeq
f

− YS

Yeq
S

)︃(︃
γeq

fH→Sℓ̄ + γeq
fℓ→SH̄

)︃
(16)

+

(︃
Yf

Yeq
f

− YS

Yeq
S

)︃(︃
γeq

f→ℓHS + γeq
f→ℓ̄H̄S

)︃

z =m/T
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Boltzmann equations

sHz
dY∆L

dz
=

(︃
1 − Yf

Yeq
f

YS

Yeq
S

)︃
∆γeq

ℓH→Sf +

(︃
Yf

Yeq
f

− YS

Yeq
S

)︃
∆γeq

f→ℓHS (17)

− Y∆L

Yeq
ℓ

(︃
Yf

Yeq
f

+
1
3

YS

Yeq
S

)︃
γeq

f H̄→Sℓ −
Y∆L

Yeq
ℓ

(︃
YS

Yeq
S

+
1
3

Yf

Yeq
f

)︃
γeq

SH̄→fℓ

− 4
3

Y∆L

Yeq
ℓ

(︃
γeq

Sf→ℓH + 2γeq
ℓ̄H̄→ℓH + 2γeq

H̄H̄→ℓℓ
+

YS

Yeq
S
γeq

f→ℓHS

)︃
[Blažek, Maták, Ramaj, Sabová 2025]
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Numerical analysis

10−1 1 101 102 103 104

z = m/T

10−14

10−12

10−10

10−8

10−6

10−4

10−2

Y f

YS

|Y∆L|

Λ = 1014 GeV,TR = 5 × 1012 GeV,m = 5 × 1011 GeV, |λ|2 = 1.8 × 10−3, θ = 0.8
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Conclusions

✦ Holomorphic cutting rules are easy to use to derive full set of asymmetric reactions from a
CP-odd basis invariant represented by a vacuum diagram.

✦ Minimal EFT explaining dark matter relic density, matter-antimatter asymmetry, and neutrino
masses requires two d = 5 effective operators and two new particles.

Thank you for your attention!
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Backup
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Ultraviolet freeze-in with T ≫ m

γeq
ℓH→Sf + γeq

ℓ̄H̄→Sf =
|λ|2
8π5

T6

Λ2 = s(TR)H(TR)× Sx−6 (18)

∆γeq
ℓH→Sf =

3 Im[λ2λ′∗]

32π6

mT6

Λ3 = s(TR)H(TR)× Ax−6 (19)

with x = TR/T
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Ultraviolet freeze-in with T ≫ m

γeq
ℓH→Sf + γeq

ℓ̄H̄→Sf =
|λ|2
8π5

T6

Λ2 = s(TR)H(TR)× Sx−6 (18)

∆γeq
ℓH→Sf =

3 Im[λ2λ′∗]

32π6

mT6

Λ3 = s(TR)H(TR)× Ax−6 (19)

with x = TR/T

Im[λ2λ′∗] =
∑︂
a,b

Im[λaλ
′∗
abλb], |λ|2 =

∑︂
a

|λa|2, |λ′|2 =
∑︂
a,b

|λ′
ab|2⏞ ⏟⏟ ⏞

θ = − Im[λ2λ′∗]

|λ|2|λ′| , |θ| ≤ 1, mν =

√︄∑︂
a

m2
νa

=
v2

Λ
|λ′|
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Ultraviolet freeze-in with T ≫ m

dYf

dx
=

dYS

dx
= Sx−2,

dY∆L

dx
= −dY∆(B−L)

dx
= Ax−2 (20)

1. Freeze-in at T ≲ TR

Yf → S, YS → S, Y∆(B−L) → −A

2. f → ℓHS, ℓ̄H̄S asymmetric decays at T ≲ m

Yf → 0, YS → 2S, Y∆(B−L) → −3
4

A

3. Sphalerons

Y∆B =
28
79

Y∆(B−L) = −21
79

A
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Ultraviolet freeze-in with T ≫ m

Ωb,0

Ωc,0
=

Y∆B

YS

mp

m′ =
63
632

θ

π

mpmν

v2

m
m′ ≃ 0.19 (21)

For m2
ν ≃ |∆m2

32| ≃ 2.5 × 10−3 eV2, we obtain m/m′ ≳ 1016.

[Navas et al. 2024 (Particle Data Group)]
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